Hortobágyi T, Herring C, Pories WJ, Rider P, DeVita P. Massive weight loss-induced mechanical plasticity in obese gait. J Appl Physiol 111: 1391-1399, 2011. First published August 18, 2011 doi:10.1152/japplphysiol.00291.2011We examined the hypothesis that metabolic surgery-induced massive weight loss causes massdriven and behavioral adaptations in the kinematics and kinetics of obese gait. Gait analyses were performed at three time points over ϳ1 yr in initially morbidly obese (mass: 125.7 kg; body mass index: 43.2 kg/m 2 ) but otherwise healthy adults. Ten obese adults lost 27.1% Ϯ 5.1 (34.0 Ϯ 9.4 kg) weight by the first follow-up at 7.0 mo (Ϯ0.7) and 6.5 Ϯ 4.2% (8.2 Ϯ 6.0 kg) more by the second follow-up at 12.8 mo (Ϯ0.9), with a total weight loss of 33.6 Ϯ 8.1% (42.2 Ϯ 14.1 kg; P ϭ 0.001). Subjects walked at a self-selected and a standard 1.5 m/s speed at the three time points and were also compared with an age-and gender-matched comparison group at the second follow-up. Weight loss increased swing time, stride length, gait speed, hip range of motion, maximal knee flexion, and ankle plantarflexion. Weight loss of 27% led to 3.9% increase in gait speed. An additional 6.5% weight loss led to an additional 7.3% increase in gait speed. Sagittal plane normalized knee torque increased and absolute ankle and frontal plane knee torques decreased after weight loss. We conclude that large weight loss produced mechanical plasticity by modifying ankle and knee torques and gait behavior. There may be a weight loss threshold of 30 kg limiting changes in gait kinematics. Implications for exercise prescription are also discussed.
HUMAN GAIT EXHIBITS MECHANICAL plasticity because the torques generated by the lower extremity muscles become reorganized according to the mechanical requirements present in a specific condition, including knee osteoarthritis (OA) (2, 27, 31) , anterior cruciate ligament insufficiency (13) , aging (11, 18) , and obesity (6, 12, 43) . In addition, the pattern of lower extremity joint torques during gait varies with the rate of obesity: moderate obesity [i.e., body mass index (BMI) of ϳ35 kg/m 2 ] uniformly increases lower extremity torques at each joint (6) , whereas morbid obesity (BMI of ϳ45 kg/m 2 ) induces a shift in mechanical output to the ankle joint from hip and knee joints (12) .
Weight loss is a vital method for the treatment of obesity and for its many comorbidities yet one of its most obvious outcomes, adaptations in gait biomechanics, remains uncharacterized. While diet-, exercise-, diet plus exercise, and pharmaceutical interventions produce weight loss, at best, ϳ10% (16, 22) , metabolic surgery can produce as much as 3.3 kg/mo or in a few cases Ͼ60 kg (30 -40%) final weight loss (8) and the Lap-Band version may become an option for individuals who have diabetes and a BMI as low as 30 kg/m 2 (10) . However, the impact of weight loss on the mechanics of gait is virtually unknown in obese individuals who are free of comorbidities such as age and painful knee OA (34) . Small weight loss of 7% over 3 mo produced small increases in gait velocity, stride length, stride rate, and swing duration and shortened cycle time, stance, and double support phases in healthy 37-yr-old women with a BMI of 37 kg/m 2 (35) . After 6 kg or 5% weight loss, 14-yr-old children walked with 5 cm or 4% longer strides, 0.04 Hz or 4% lower stride frequency, and less leg muscle work to raise the center of mass (34) . Low weight loss of 3% and high weight loss of 10% increased walking velocity from 1.21 to 1.30 m/s and 1.17 to 1.25 m/s (31) , and high vs. low weight loss produced larger reductions in clinically important knee joint forces, estimated with a mathematical model (29) . Both studies were conducted in overweight and obese older adults with radiographic evidence for painful knee OA (29, 31) . Here we examine the possibility that massive weight loss (Ͼ20 kg) produces adaptations of gait in obese but otherwise healthy adults. A simple mass-related adaptation would manifest in changes in joint kinematics and kinetics in proportion to weight loss. For example, one such adaptation would be a reduction in knee extensor torques in the sagittal and frontal planes in proportion to the weight lost. However, based on the concept of mechanical plasticity and the previously observed kinematic changes with low weight loss, behavioral adaptations in gait such as increased stride length and walking velocity are also expected to occur after massive weight loss. For example, an increase in gait velocity after weight loss would concurrently increase joint torques and could counteract the beneficial effects of weight loss on musculoskeletal loading. An elucidation of such mass-and nonmass-dependent adaptations is important because obesity is the primary risk factor for knee OA (15, 39) , a condition that afflicts almost 40% of the US population over age 60 (14, 40) , but the mechanism of its evolution is not fully understood. Therefore, the purposes of the present study were to quantify the effects of metabolic surgery-induced weight loss on gait biomechanics of obese but otherwise healthy individuals and compare their gait after weight loss to the gait of a lean age-and gender-matched comparison group. We examined the hypothesis that metabolic surgery-induced weight loss causes simple mass-driven changes in gait such as reductions in ground forces and joint torques in proportion to weight loss. We tested these changes at a standard gait speed at three times points, before, midway, and after ϳ1 yr surgery. We also hypothesized that weight loss produces nonuniform modifications in torques at the ankle, knee, and hip joints and in gait behavior, providing evidence for mechanical plasticity in gait. We tested this prediction at a self-selected gait speed at three times points during the intervention. August 2007 and February 2009, we enrolled 20  individuals cleared for metabolic surgery at Pitt County Memorial  Hospital (Greenville, NC) . In this weight loss group, we report gait biomechanics data in 10 individuals at baseline before surgery and 7.0 (ϮSD 0.7) mo and 12.8 (Ϯ0.9) mo after surgery intended to produce a substantial weight loss. Despite substantial financial incentives, 10 individuals failed to complete the study not because they had complications from the surgery but because they had scheduling conflicts (n ϭ 4), moved away (n ϭ 2), were involved in a car accident (n ϭ 1), or lost an interest in participation (n ϭ 3). Based on a medical exam, subjects were excluded who were older than age 60 and had one of the following conditions: BMI Ͼ60 kg/m 2 , neurological disorder (stroke, Parkinson's disease), hip or knee joint replacement, knee OA (based on an X-ray), orthopedic injury (ACL reconstruction, meniscal tear), a history of falls, osteoporosis, and medications that cause dizziness. Thus members of the weight loss group were, except for being obese, healthy, mobile, and pain-free throughout the study. The 10 patients who completed the study underwent Roux-en-Y gastric metabolic surgery performed by 2 surgeons. Although we did not control for physical activity after surgery, none of the subjects reported that they were involved in any form of regular physical activity or exercise program. All subjects read and signed an informed consent form approved by the University and Medical Center Institutional Review Board at East Carolina University.
METHODS

Subjects. Between
Members of a comparison group, matched with the weight loss group for gender, age, and height were selected from our laboratory database and, based on a medical examination by a geriatrician, were extremely healthy. They met all of the above exclusion criteria and had a BMI Ͻ25 kg/m 2 . They were physically active but did not exercise vigorously on a regular basis and none were enrolled in a formal exercise program. Table 1 summarizes the physical characteristics of the two groups.
Experimental set-up. Subjects walked on a 15-m level walkway fitted with a force platform (LG6 -4-2000; AMTI, Newton, MA) in the middle of the walkway. The force plate data collection system measured three-dimensional (3D) ground forces and the moments around the center of the plate at 960 Hz and stored the data on a computer. The vertical force channels were calibrated with known weights ranging from 0 to 2,100 N. The voltage outputs were highly linear throughout the tested range and the coefficient of determination between force and voltage was R 2 ϭ 0.999. The system was thus appropriate even for the heaviest subject whose mass was 168.7 kg. The 3D kinematics were recorded at 120 Hz during gait using a digital, 8-camera system (Qualisys MacReflex 240, Gothenburg, Sweden). A Brower infrared timing system (model IRD-T175; Salt Lake City, UT) was used to measure gait speed in the self-selected condition and to constrain walking velocity to a nominal value of 1.50 m/s.
Testing protocol. Participants reported to the laboratory for one, 2-h-long session before and, as originally planned, ϳ6 mo and 12 mo after metabolic surgery. Members of the comparison group were tested one time. Subjects read and signed an informed consent and answered questions in the Western Ontario and McMaster Universities Arthritis Index (WOMAC) questionnaire. This survey is a valid and reliable inventory to determine pain, stiffness, and mobility difficulty (4) . We used the WOMAC to exclude individuals with pain and disability associated with knee OA.
Participants wore black spandex bicycle shorts, a tight fitting T-shirt, and athletic shoes. Standing height and mass were measured at each test session. It is difficult to accurately place anatomical markers on morbidly obese people, particularly in the pelvic region. We attempted to get the most accurate marker positions using the following methods. Reflective markers were placed using a modified Helen Hayes model with marker placements over the anterior superior iliac spines, the posterior superior iliac spines and the right posterior heel. The anterior superior iliac spines and posterior superior iliac spines markers were placed over the estimated location of the bony surfaces using participant feedback as a guide during palpation. Rigid arrays of four markers were placed on the lateral aspects of the right thigh and leg and on the superior surface of the right foot. Additionally, calibration markers were placed on the right foot first and fifth metatarsal heads, right lateral and medial malleoli, the lateral and medial right femoral condyles, and both greater trochanters. Calibration markers were used by Visual 3D to locate the joint centers relative to the other markers. Knee and ankle joint centers were located at the midpoint on the line between the calibration markers, which corresponded with the radius of the segment cylinder at the particular joint. Hip joint centers were calculated using a measured radius that was determined as 25% of the distance between the right and left greater trochanters at the hip for joint center depth, and the greater trochanter marker for vertical and anterior/posterior positioning. We found through pilot testing that calibration marker placements changed ϳ1-2 cm with weight loss due to a reduction in soft tissue and further that joint torque calculations were affected by differences in marker positions of this magnitude. Joint angular position varied between 1-2°different with these different marker positions; however, differences in joint torques could be as large as 15% (ϳ5 Nm). If the markers were placed too high and too anterior on the greater trochanter, for example, there would be changes in kinematics with less hip flexion and more hip extension and a reduction in hip flexor torque and an increase in hip extensor torque. We therefore recorded the absolute vertical and anterior/posterior positions of the calibration markers and replicated these positions in the tests at follow-ups 1 and 2 using digitized coordinates from the motion capture system and consistent positioning of the subject for the static calibration. Consistent positioning was accomplished using a solid, wooden frame that was always located in the same position relative to the origin of the laboratory coordinate system. The subjects would place their feet in the standardized frame each time they were recorded, and the current calibration marker positions relative to the laboratory origin would be adjusted to the original calibration marker positions. This method ensured that all comparisons would use identical joint centers for inverse dynamic calculations.
Participants then walked on the walkway for several minutes until they were relaxed and comfortable. A starting point was selected so that the right foot would contact the force platform in a normal stride. Subjects in the weight loss group completed two conditions: selfselected speed and standard speed at 1.5 m/s, whereas lean participants were tested in only the standard speed condition. The order of testing the two conditions was counterbalanced among the obese subjects. Five successful trials were collected as a minimum for each subject and gait condition. Trials were discarded if the subject's velocity was Ͼ5% different than the 1.5 m/s target speed in the standard speed condition, if the foot was not completely on the force platform, or if the subject made visually obvious stride alterations to contact the force platform.
We wished to distinguish between two general types of adaptations to weight loss. "Mass driven" refers to simple, direct, and intuitive reductions in ground reactions forces and joint torques with weight loss. For example, the comparisons between obese and lean individuals in numerous Browning articles (e.g., Ref. 6) , showing lower ground reaction forces and torques in the lean adults conceptually demonstrate this idea. We used the standard speed to determine the unadulterated effects of weight loss on gait biomechanics and compare the data with a comparison group that was tested at the standard speed only. "Behavioral" refers to gait adaptations that subjects exhibit in response to weight loss but are not necessarily simple, direct, and intuitive. For example, increased walking velocity and step length are not necessary outcomes of weight loss. Individuals can certainly select to walk at the same speed and with the same step length before and after weight loss. We consider behavioral adaptations as those over which the individuals had some available options or choices, whereas mass-driven would be outcomes directly caused by reduced weight. Therefore, we also collected data at a self-selected speed to determine if weight loss would produce behavioral changes in gait such as a change in stride length and walking velocity. No participants reported fatigue or required rest during the test session.
Data analysis. Gait data were processed with Visual 3D software (C-Motion, Rockville, MD). The digitized Cartesian coordinates of the reflective markers describing the stance phase on the force platform were processed bidirectionally through a second order low-pass digital filter with a 6-Hz cut-off frequency. Ground reaction force data were filtered using a second order low-pass digital filter with a 45-Hz cut-off frequency. Swing time, stride length, cadence, and gait velocity were used to characterize the stride pattern and overall gait behavior. Joint kinematics analysis focused on the range of motion in the swing phase and average angular position in the stance phase at the hip, maximal knee flexion and average knee angular position in the stance phase, and average ankle angular position in the stance phase in the sagittal plane. We estimated changes in abdominal girth using the left and right iliac crest and left and right greater trochanter markers= coordinate data to calculate a rough circumference of the person using the standard circumference ϭ (diameter * ) calculation, where diameter equaled the distance between the markers.
The inverse dynamics functions in Visual 3D software (C-Motion) were used to calculate the joint reaction forces and internal torques at each right lower extremity joint throughout the gait cycle. Proprietary laboratory software was then used to determine selected variables from the ground reaction-and joint torque-by-time curves. These variables included the rate and maximal value of the vertical ground reaction force and the maximal horizontal braking force. We computed the extensor angular impulses at the hip, knee, and ankle, and we also calculated the maximal knee joint extensor torque in the sagittal plane (12) and the first maximal abduction torque in the frontal plane (2) .
Statistical analyses. Kinematic-and kinetic-dependent variables as well as weight loss from baseline and at the two follow-ups were compared with a one-way ANOVA with repeated measures. In case of a significant F value, a Tukey's post hoc contrast was used to determine the means that were different and these differences are in Tables 1-5 (denoted by symbols) . Using data at the second follow-up, we compared gait variables between the weight loss and comparison groups using an independent two-tailed t-test. Pearson product moment correlation coefficients were computed to determine the association between selected variables. The level of significance was set at P Ͻ 0.05. Table 1 shows that the weight loss and comparison groups were similar in age, height, and WOMAC scores. At baseline, the weight loss group was 63.4 kg heavier and had nearly twice greater BMI relative to the comparison group. Weight loss participants returned to the laboratory for the first follow-up 7.0 mo (Ϯ0.7) after baseline and for the second follow-up 5.8 mo (Ϯ1.14) later or a total of 12.8 mo (Ϯ0.9) after surgery. Table 1 shows that patients lost significant weight of 27.1 Table 2 shows that when walking at a self-selected pace, weight loss subjects significantly increased swing time 7.1% (3.7 and 3.4%, respectively, between baseline and follow-up 1 and between follow-ups 1 and 2), made 7.9% longer strides (4.2 and 3.7%), and walked 11.6% faster (3.9 and 7.7%; all P Ͻ 0.05). When subjects walked at the standard speed of 1.5 m/s, there were significant increases in swing time (4.7%) and stride length (3.2%) and decreases in cadence (Ϫ1.2%; all P Ͻ 0.05). Figure 1 summarizes the changes in weight loss and gait velocity. Table 3 shows that at the self-selected speed, hip range of motion in the swing phase increased significantly 12.9%, maximal knee flexion in early stance increased 30.4%, and ankle joint function shifted 40.5% toward plantarflexion (all P Ͻ 0.05; Fig. 2 ). At the standard speed, there was a significant change of 1.8°at only the ankle joint becoming more plantarflexed (P Ͻ 0.05). Significant reductions in abdominal girth and increases in hip range of motion in the swing phase correlated r ϭ Ϫ0.74 (P ϭ 0.014). Table 4 shows that from baseline to the second follow-up the first peak of the vertical ground reaction force decreased significantly 30.0% in absolute units and increased 5.0% when normalized to mass at the self-selected pace. The rate of rise of first peak of the vertical ground reaction force decreased significantly 20.5%, and the maximum posterior ground reaction (braking) force per unit mass increased 16% (all P Ͻ 0.05). When subjects walked at the standard speed, the first peak of the vertical ground reaction force revealed a final significant decrease of 33.8% (27.6 and 8.2%, respectively, between baseline and follow-up 1 and between follow-ups 1 and 2), the rate of rise of this force significantly decreased 31.2%, and braking force revealed a final decrease of 30.6% (23.6 and 7.0%; all P Ͻ 0.05). Changes in mass and ground forces correlated r ϭ 0.89 (self-selected speed) and 0.92 (standard speed; both P ϭ 0.001). Table 5 shows that from baseline to second follow-up normalized peak extensor knee torque in early stance increased significantly 77.4% (49.9 and 18.3%, respectively, between baseline and follow-up 1 and between follow-ups 1 and 2) and ankle angular plantarflexion impulse decreased significantly 33.2% (27.0 and 8.5%) while walking at a self-selected speed (all P Ͻ 0.05; Figs. 3 and 4) . When subjects walked even at the standard speed, the ankle plantarflexion impulse decreased significantly 27.3% after weight loss (Fig. 4) . At self-selected and standard speeds, internal knee abductor torque decreased significantly 22.0 and 27.3%, respectively (both P Ͻ 0.05; Fig. 3 ). Table 6 shows that although the weight loss group relative to the comparison group was still significantly 34.0% or 21.2 kg heavier at the second follow-up, eight of the nine stride and joint kinematics variables were statistically similar between the two groups. The first peak of the vertical ground reaction force and maximum posterior ground reaction (braking) force were significantly 26.3% higher in the weight loss than in the comparison group. The normalized first peak of the vertical ground reaction force and the slope of this force each became significantly 10.3% smaller in the weight loss than in the comparison group. Knee extensor angular impulse and peak extensor torque in early stance were significantly 63% higher, and normalized hip torques were 31.0% lower in the weight loss than in the comparison group.
RESULTS
DISCUSSION
Nature of weight loss. To the best of our knowledge, the present work is the first one to determine the effects of massive weight loss on gait biomechanics. Obesity is the primary risk factor for knee OA (15, 39, 40) . Thus it is of great interest to determine if large weight loss produces adaptations in gait due to mass loss alone or whether behavioral changes would occur in gait. This is because a previous study, against predictions, reported that obesity was not associated with increased knee joint torque and power during level walking, suggesting a nonmass-related reconfiguration of torques in the lower extremity (12) . We found that massive weight loss in morbidly obese individuals produced both simple mass-related, "linear" adaptations in gait mechanics (tested at a standard speed) and mechanical plasticity in the form of a reorganization of lower extremity joint torques (tested at the self-selected speed). We further propose that weight loss in morbidly obese individuals induces behavioral changes including longer stride length and faster walking velocity but the musculoskeletal benefits associated with large weight loss are partially counteracted by these behavioral adaptations (9) . We emphasize that the present sample included patients who were extremely healthy, were free of pain, and had no detectable clinical conditions other than being obese (Table 1) .
Changes in stride characteristics and joint kinematics after weight loss. Walking at a self-selected pace before and after weight loss allowed us to determine if weight loss had brought about changes in gait behavior. Because 81% of the total weight loss occurred in 7 mo, only 7 out of 25 variables examined in Tables 2-5 revealed additional changes between follow-ups 1 to 2 (denoted by symbols). By follow-up 1, swing time, stride length, and gait velocity all increased and then increased more by follow-up 2. Before surgery, obese participants walked somewhat faster (1.30 m/s) than the 1.18 (24, 26) or the 1.09 m/s (41) but slower than the 1.40 m/s speed (7) . Patients in the present study were extremely healthy, while in one of these studies (26) subjects must have had mobility limitations because the authors decided not to conduct a maximal or a submaximal treadmill test due patients reporting joint pain. Abdominal dimensions decreased 25% and allowed subjects to perform greater hip flexion and swing the legs for a longer time, which in turn produced longer strides. The combination of these factors, without changes in cadence at the self-selected speed, resulted in a functionally meaningful increase of 0.15 m/s in gait velocity, reaching nearly 1.5 m/s at the end point of the study. Although 27% initial weight loss was coupled with 3.9% increase in gait velocity, only 6.5% additional weight loss was coupled with 7.3% more increase in gait velocity, suggesting an interaction between magnitude of weight loss and gait behavior (21) (Fig. 1) . That is, adaptations in gait velocity take longer to develop than the period of weight loss because there is a level of weight loss needed for gait velocity to increase. Supporting our hypothesis, and in general the concept of mechanical plasticity of human gait (11, 12) , this interaction between weight loss and gain in gait velocity suggests that weight loss may produce not only mass-driven linear adaptations but also adaptive changes in gait behavior.
Weight loss modified spatiotemporal (stride) characteristics of gait even at the standard speed of 1.5 m/s. After weight loss, a combination of longer swing time, stride length, and a lower cadence produced the 1.5 m/s speed ( Table 2 , Standard Speed). In a previous study (34), 14-yr-old boys and girls with a BMI of ϳ34 kg/m 2 walked at a standard speed of 1.25 m/s before and after 6 kg or 5% weight loss and again, despite the fixed speed, walked with significantly 5 cm or 4% longer stride length and 0.04 Hz or 4% lower stride frequency after weight loss but, unlike in the present study, without changes in stance or single support duration. The longer swing time suggests a Values are means Ϯ SD. VGRF, first peak of the vertical ground reaction force; slope, rate of rise of first peak of the vertical ground reaction force; braking force, maximum posterior ground reaction force. Italics denote P Ͻ 0.05. *P Ͻ 0.05, different relative to baseline. †P Ͻ 0.05, different relative to baseline and follow-up 1. Values are means Ϯ SD. Norm., torque normalized to (%body mass * height). Knee1, extensor angular impulse in early stance; Knee2, peak extensor torque in early stance; Knee3, internal knee abductor torque in the frontal plane in early stance. Italics denote P Ͻ 0.05. *P Ͻ 0.05, different relative to baseline. †P Ͻ 0.05, different relative to baseline and follow-up 1. reduction in time needed to support the smaller body weight after weight loss. Most likely, these changes in spatiotemporal characteristics measured after weight loss at a fixed speed are mediated by more ankle plantarflexion, observed in the present study (Table 3 , Standard Speed, Cadence).
Weight loss had a strong effect on joint kinematics of the hip, knee, and ankle joints (31% overall change) at the selfselected gait speed (Fig. 2) . A lack of change in joint kinematics after the initial 27.1-kg weight loss but large changes after the 33.6-kg total weight loss suggest, like for gait velocity, the existence of a weight loss threshold ϳ30 kg. Obese gait became more dynamic because the hip joint range of motion increased during swing, knee flexion increased in early stance, and ankle function shifted to a more plantarflexed foot. We (12) previously showed that morbidly obese adults walk with a more erect posture compared with lean adults, and we presently show in similarly obese individuals that when such subjects lose weight gait becomes more dynamic due to increased hip range of motion, knee flexion, and ankle function. The 25.7% reduction in abdominal girth reduced obstruction at the pelvis, allowing subjects to flex their hips more, suggested by the r ϭ Ϫ0.74 correlation between the changes in these two variables.
Weight loss also increased knee flexion in stance phase of gait. The 30% increase in knee flexion means greater vertical acceleration of the center of mass especially as subjects walked faster after weight loss. Although we did not measure maximal quadriceps strength in our subjects, previous studies (33, 42) reported no changes in maximal voluntary quadriceps force and muscle contractile characteristics after metabolic surgery. Thus the increased knee flexion during stance can be the result of neuromuscular adaptation in quadriceps function, including improved muscle activation and reduced antagonist coactivation. The 77.4% increase in normalized knee extensor torque after weight loss also attests to initially obese adults' maintained capability to stop the vertical deceleration of the body during a larger knee flexion after weight loss (Table 5) . Indeed, stride characteristics and joint kinematics after weight loss were similar to the gait of lean subjects although subjects in the weight loss group were still ϳ20 kg heavier (Table 6 ). This difference in mass between the two groups and the 28.6 (Ϯ4.1) BMI after weight loss suggest that gait kinematics become indistinguishable between two individuals who have a difference in mass of 20 kg. Despite the large weight loss, walking at the standard speed produced changes in kinematics only at the ankle joint being more plantarflexed (as discussed in the previous paragraph) without changes at the hip or knee joint (Table 3 , Standard Speed), suggesting that the 1.5 m/s speed limited changes in hip and knee joint excursions despite the weight loss.
Changes in ground forces and joint kinetics after weight loss. It is well established that obese compared with lean individuals can have as much as ϳ60% higher vertical ground forces (6) . In addition, there also is a strong association (r ϭ 0.76) between levels of obesity and ground forces (28) . We observed that the first peak of the vertical ground reaction force in obese compared with lean adults was 1.88-and 1.24-fold greater, respectively, before and after weight loss. In addition, the changes in mass and ground forces correlated r ϭ 0.89 (self-selected speed) and 0.92 (standard speed; both P ϭ 0.001). An intriguing observation of clinical relevance was that while vertical ground forces decreased with weight loss, when walking at a self-selected pace, normalized vertical ground forces significantly increased (Table 4 , Self-Selected Speed, variable 2). Because weight loss subjects were still ϳ20 kg heavier than subjects in the comparison group after a total weight loss of 42.2 kg but increased their spontaneous walking speed, ground forces per unit mass increased. The same pattern emerged for maximum posterior ground reaction forces. One interpretation of the data is that caution is needed in prescribing walking as an exercise at increasingly faster speeds in step with weight loss for overweight individuals because increased gait speed counteracts the effect weight loss would have in reduc- ing ground forces (23, 31) , hence, impact associated with foot strike (6) and subsequent knee joint forces (19) . This is especially critical for overweight patients in the preknee OA state (40) . Exercise prescription for the period immediately after massive weight loss (Ͼ20 kg) should include walking at a self-selected (or at a slower) pace (24) in combination with other low-impact activities such as cycling and swimming, a recommendation consistent with a previous study (4) . Table 6 (Ground forces) shows that after weight loss, weight loss subjects still exhibited statistically significant differences in ground forces in four of six variables, underscoring the functional impact of 20-kg mass difference on forces affecting the legs in stance phase of gait. Therefore, after weight loss gait kinematics were similar between the two groups but weight loss patients still had much larger ground forces, as they were still overweight.
Weight loss produced no changes in the absolute sagittal plane hip and knee torques but substantial changes in ankle torques (Table 5 and Figs. 3 and 4) . In a previous study ( Table  2 in Ref. 30 ), a weight loss of ϳ3% also failed to produce changes in several variables describing knee joint moments, but in that study subjects were obese and also had a diagnosis knee OA. Therefore, it was surprising that 33.6% weight loss had no effect on hip extensor angular impulse. Hip kinematics suggested a more dynamic hip function through increased swing time and range of motion, contributing to the increased stride length but hip flexor torques also remained unchanged (data not shown). Weight loss also had no effect on knee extensor impulse. However, there was 77.4% increase in normalized peak knee extensor torque in early stance. This behavioral adaptation was, as discussed in kinematics above, probably related to the interaction between weight loss and increased gait speed and knee flexion in early stance. The low peak knee torque in the obese state agrees with our (12) previous finding, showing similar knee effort, as a result of adaptation to increased mass, in obese and lean adults. While others did not observe such a similarity, the level of obesity was also much lower (e.g., Ref. 6) than in the present work, and the increasing normalized peak knee torques with weight loss validate this argument. We (12) previously reported a proximal to distal shift in lower extremity muscle effort to the plantarflexor muscles in obese adults, and weight loss produced a substantial, 33.2%, reduction in plantarflexor torques. Considering a significant increase in gait velocity after weight loss, this reduction in plantarflexion torque is thus a hallmark of weight change in obese gait and signifies a key behavioral adaptation to weight loss (Table 5 ). It thus seems that morbidly obese subjects' gait is driven by ankle function because after weight loss more flexion in the knee joint increases lever arms for external forces (5), producing knee angular impulse values that are unchanged after a large weight loss (Table 5) . This supports our previous data that ankle torques drive morbidly obese gait. The role of ankle torques becomes less with weight loss and also less in individuals who are less obese (6) .
Similar to a previous study (30) , we also observed a 24.5% initial reduction in nonnormalized internal knee abductor torque but additional weight loss of 6.5% did not produce additional reduction in this variable (Fig. 3) . Frontal plane adductor torque, as a surrogate measure of the medial-lateral load distribution in the tibiofemoral joint, is associated with body mass (37) and with the onset, severity, and progression of knee OA (1, 2, 17, 32, 38) . Obesity-related increase in internal abductor torque is implicated in the development of medial compartment knee OA (1), and its reduction after weight loss is thought to reduce the stress placed on the knee joint (6). Compared with lean subjects (Table 6 ), initially obese adults who lost 42.2 kg of their body mass were still 34% heavier and thus, predictably, revealed still significantly greater ground forces at the standard speed. Although there is evidence that increased impact forces represent a part of the stimulus for cartilage health (20) , there is also evidence that such high forces are precursors to degenerative joint disease (40) .
Limitations. We recognize the limitation of the small sample size used in the present study; hence, the inability to test a gender effect even though gender may pay a role in gait adaptations to weight loss in the preknee OA state (36) . Although we allocated substantial resources to recruit and retain patients, the dropout rate was still 50% by the end of the study. Highlighting the difficulties in retaining patients in the study, considering the study's context, we encountered odd behavior from subjects who appeared for follow-ups with McDonald's food trays. An additional limitation is that we did not test a nonweight-loss control group that would have allowed us to assess the reliability of the dependent variables. The study focuses primarily on sagittal plane analyses, although there are important conceptual and clinical implications of weight loss for frontal plane gait biomechanics (30) . Using the greater trochanter as representative of sagittal plane is an accepted measure of hip joint center location; however, frontal plane approximations can vary up to 3 cm away from the true joint center with the absence of bone scan data (3) . Given this finding, we chose to only report sagittal plane kinetics and kinematics at the hip joint. Weight loss as small as 14 vs. the 34% in the present study can change body segmental inertial parameters (segmental masses, center of mass, and radii of gyration) to a different extent, potentially affecting the magnitude of changes in joint torques (25) . Since the inertial forces and torques in walking are typically quite low, however, we do not think these changes substantially affected the results (5). This study also did not evaluate measures of functional outcomes and leg strength, but we decided to exclude these measurements to reduce testing time and keep more subjects in the study. Finally, we must point out that although we were extremely cautious with our motion analyses procedures and devised a new and careful calibration procedure for consistent marker placement, it is a limitation of this study that X-rays of the lower extremities were not available to achieve even more accurate marker placements. We also recognize that the hip joint center location used in our analysis may not have been accurate for the frontal plane due to subcutaneous tissue between the skin and the actual greater trochanter. However, our procedure did ensure accurate sagittal plane hip joint center location and is therefore appropriate for sagittal plane kinematic and kinetic calculations.
In conclusion, 33.6% or 42.2 kg weight loss increased swing time, stride length, gait speed, hip range of motion, maximal knee flexion, and ankle plantarflexion. In particular, 27% initial weight loss led to 3.9% increase in gait speed and an additional 6.5% weight loss resulted in an additional 7.3% increase in gait speed. Sagittal plane normalized knee torques increased and absolute ankle and frontal plane knee torques decreased after weight loss. There may be a weight loss threshold of 30 kg limiting changes in gait kinematics. Large weight loss produced mechanical plasticity by modifying ankle and knee torques and gait behavior. Future studies should use a larger sample size, use imaging-guided marker placement, and examine potential interactions between gait mechanics and, respectively, gender, physical activity, and clinical state of the knee joint after surgery-induced large weight loss.
